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Infrared Radiation Models for Atmospheric Methane

R. D. Cess, D. P. KrATZ, S. J. KiM,' AND J. CALDWELL

Laboratory for Planetary Atmospheres Research, State University of New York, Stony Brook

Mutually consistent line-by-line, narrow-band and broad-band infrared radiation models are present-
ed for methane, a potentially important anthropogenic trace gas within the atmosphere. Comparisons of
the modeled band absorptances with existing laboratory data produce the best agreement when, within
the band models, spurious band intensities are used which are consistent with the respective laboratory
data sets, but which are not consistent with current knowledge concerning the intensity of the infrared
fundamental band of methane. This emphasizes the need for improved laboratory band absorptance
measurements. Since, when applied to atmospheric radiation calculations, the line-by-line model does not
require the use of scaling approximations, the mutual consistency of the band models provides a means
of appraising the accuracy of scaling procedures. It is shown that Curtis-Godson narrow-band and
Chan-Tien broad-band scahng provide accurate means of accounting for atmospheric tcmpcrature and

pressure variations.

1. INTRODUCTION

While there is a general consensus that anthropogenically
induced increases in atmospheric CO, could impact the
earth’s future climate, more recently it has become apparent
that numerous other anthropogenic trace gases might col-
lectively be of comparable importance [e.g., WMO, 1982; Ra-
manathan et al., 1985]. This in turn has emphasized the need
for improved trace-gas radiative transfer models. Towards this
goal, one purpose of the present paper is to develop accurate
infrared band models for methane which is a potentially im-
portant anthropogenic greenhouse gas [Ramanathan et al.,
19853.

Moreover, there currently is a great deal of interest in evalu-
ating errors introduced through the use of simplified band
models [WMO, 1984], and a second purpose of the present
paper is to use the v, band of CH, (centered at 1306 cm™!) as
an illustrative infrared band for the purpose of 1ntercompar1ng
a hierarchy of band models.

For the atmospheric application of a band model there are
two issues involved: the applicability of the band model to
accurately characterize the total band absorptance for a ho-
mogeneous gas (i.e., constant temperature and pressure), and
the validity of associated scaling approximations which must
be invoked when the band model is employed for atmospheric
applications, where temperature and pressure vary. The
second item is of particular importance with respect to broad-
band models. Although several broad-band scaling approxi-
mations have been suggested [Chan and Tien, 1969; Cess and
Wang, 1970; Edwards and Morizumi, 1970], there has not been
a definitive examination of their accuracies.

The specific strategy of this paper is as follows. A reference
line-by-line calculation will first be discussed, followed by the
presentation of narrow-band and broad-band models which
are tuned, for a homogeneous gas, to the line-by-line model.
Thus a hierarchy of band models is obtained which yield
nearly identical homogeneous band absorptances. With refer-
ence to the line-by-line model, this affords a means of apprais-
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ing the accuracy of scaling approximations for both the
narrow-band and broad-band models when they are applied
to atmospheric radiation calculations. In addition, there will
be a brief discussion concerning pitfalls associated with the use
of narrow-band models, together with an intercomparison of
the present results with existing CH,, infrared band medels.

2. BAND MODELS

The line-by-line calculations employed both Voigt and Lo-
rentz line shapes, a wavenumber integration interval of 5
x 10™* cm™1, and a wavenumber cutoff of 12 cem™?! (ie., the
spectral absorption coefﬁcient includes the effects of all rota-
tional lines within a 24 cm~! range centered at the wavenum-
ber of the absorption coefficient calculation). Both the integra-
tion interval and the cutoff were chosen on the basis of sensi-
tivity studies, and for many applications it was found that
larger intervals and smaller cutoffs were adequate.

The line locations and intensities were taken from a JPL
data tape [Orton and Robiette, 1980], incorporating all CH,
lines within the wavenumber interval of 1100 to 1700 cm ™.
The line intensities were renormalized to a total band intensity
of 128 cm ™2 atm ™! at 296 K for the v, band [Varanasi et al.,
1983; Chedin and Scott, 1984]. The air-broadened Lorentz
half-width per unit pressure, y°, was taken to be

atm~1) = 0.06(296/T) (1)

for all lines, based upon Varanasi et al. [1983], who obtained
a coefficient of 0.063 (with a standard deviation of 0.003) for
77 lines within the wavenumber interval 1300-1353 cm™'.
Since the JPL data tape contains roughly 12,000 lines, this
constitutes a rather extensive extrapolation, and it can only be
emphasized that our current knowledge of line half-widths is
meager at best. -~

Turning next to the narrow-band model, we have attempted
regression fits to line-by-line calculations employing modified
versions of both the Goody [1952] ‘and Malkmus [1967]
random band models; for present purposes the former proved
to be the most useful. The transmittance T, for a given wave-
number intérval Aw is given by the Goody model as

Ty, = €xp {—(Seom/AO)1 + Spgm/mH] "2} ()

where m is the absorber amount, SAQ is the sum of the line
intensities within the interval, and 7 is defined by the relation

Saw? = C[Z (VJKSJK)”Z]Z ’ (3)

?*em™*
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Fig. 1. Band absorptance comparisons for the line-by-line,
narrow-band and broad-band models. The latter two are represented
by a single curve, since there is no distinguishable difference between
them. The methane amount refers to standard temperature.

where y,, and S,x denote the individual line half-widths and
line intensities, respectively, and the summation is over all
lines within Aw. The spectroscopic data used here is the same
as in the line-by-line calculations.

Conventionally the constant C is determined such that (2) is
consistent with the limit of strong nonoverlapping lines [e.g.,
Goody, 1964], with the result that C = 4/x. This determination
follows from the assumption that in the limit of strong non-
overlapping lines (square-root limit) the individual line ab-
sorptances are nonoverlapping, which produces the averaging
expression given by (3). For conincident lines, however, (3)
would be replaced by linear averaging, resulting in a smaller
value for 7. Thus if there are a significant number coincident
or near-coincident lines, one would anticipate that C < 4/n.

For present purposes Aw = 5 cm™!, with elaboration on
this choice to be given later. The coefficient C appearing in (3)
has been evaluated by performing a regression fit of (2) to the
line-by-line calculations. This was done for total pressures
ranging from 0.1 to 1 atm, for temperatures spanning 220 K to
300 K, and for a range of CH, amounts from 1072 to 10
cm-atm at standard temperature. For these conditions there is
no distinction between the use of either the Voigt or Lorentz
line profiles in the line-by-line calculations, thus assuring con-
sistency with (2) which is based upon a Lorentz profile. The
regression fit produced C = 0.753, and a comparison of the
narrow-band and line-by-line results is illustrated in Figure 1
for a temperature of 263 K and a total pressure of 0.514 atm,
both of which correspond to average values for the atmo-
spheric calculations of the following sections.

As just discussed, one would anticipate that C < 4/x if coin-
cident and near-coincident lines are a factor, which could
indeed be the case due both to line splitting and the presence
of a Q branch for the v, band of CH,. But to be more specific
on this point we have reevaluated the linte-by-line and Goody
models adopting a procedure by which coincident and near-
coincident lines are combined into a single equivalent line.
This was accomplished by combining all lines which are lo-
cated within a specified wavenumber interval of each other,
taking this combination interval to be an arbitrary parameter.

These results are summarized in Table 1 for the conditions
of Figure 1 together with a CH, mixing ratio of 1.75 x 1076,
The important point is that while the line-by-line results are
quite insensitive to the choice of wavenumber combination
interval, there is a significant dependence for the Goody

model. This suggests that much of the difference between the
regression-determined C =0.753 and the conventional
C = 4/n = 1.273 might be attributable to coincident and near-
coincident lines. Recall that such lines should be linearly
summed, as is effectively done in the line-by-line model, in-
stead of using the averaging procedure of (3). But the value of
C also depends upon other factors as later discussed.

With respect to a broad-band model, a hybrid version of
those proposed by Cess and Ramanathan [1972], and Ramana-
than [1976], is adopted, for which the total band absorptance
is expressed as ‘

=24,1n |1 - 4
4=24 n[ +Z<D+~/E+u(1+l/ﬁ)>:| @

where E = (2 — D)%, u = Sm/A, with S the total band inten-
sity, B is proportional to the ratio of-the mean line half-width
to mean line spacing, and the summation refers to the overlap-
ping '2CH, and '3CH, isotope bands. For D = 2 this reduces
to ‘the formulation of Cess and Ramanathan [1972], while for
D = 0 it coincides with that of Ramanathan [1976].

The quantities D, 4, and B have been determined from a
regression fit to the line-by-line calculations, and here it was
necessary to additionally evaluate the temperature dependence
of A,. This resulted in D = 1.06 together with

Alem™1) = 68.2(T/300)>5%% 5
B = 0.211P(300/T) (6)

where P is the total pressure (atm). The temperature depen-
dence of B is that of (1) since § = 4y°P/6 [Ramanathan, 1976],
where & is the mean line spacing. In the absence of line split-
ting § would be 5.1 cm~ "' (which is the multiplet spacing),
resulting in B = 0.046 at 300 K. The larger value of # given by
{6) is consistent with § < 5.1 cm™! due to line splitting. The
dependence of A, upon temperature is in contrast to the
often-used square-root temperature dependence, as deter-
mined by Edwards and Menard [1964a] for the molecular
model of a rigid rotator and harmonic oscillator. But depar-
tures from a square-root dependence have also been noted by
Brosmer and Tien [1985] for CH,, and by Ramanathan and
Dickinson [1979] for O;. In fact Edwards and Menard [19644]
found a linear temperature dependence for a simplified nonri-
gid rotator model. ‘

The 1100-1700 cm ™! line-by-line and narrow-band models
incorporate absorption due not only to the v, band, but also
that due to the weak v, fundamental band located at roughly
1550 em ™ L. To achieve consistency between these models and
the broad-band model, we simply employ within the broad-
band model a band intensity which is the sum of that due to
the v, and v, bands. For the present v, band intensity of 128
cm~2 atm™! at 296 K, the v, plus v, intensity is 129.4 cm~?
atm™1!, ‘

A comparison of the broad-band model with the 263 K and
0.514 atm line-by-line results is shown in Figure 1, where a

TABLE 1. Comparison of CH, Total Band Absorptances (cm™Y
for a CH, Mixing Ratio of 1.75 x 1075, P =0.514and T = 263K

Goody

Combination Interval, Line-by-Line
cm™! ; Model Model
0 48.86 56.29
0.01 48.86 55.52
0.03 ‘ 48.69 53.03
0.05 48.08 49.03

)
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Fig. 2. Band absorptance, evaluated from the narrow-band
model, as a function of wavenumber interval Aw. The methane
amount is the same as for the atmospheric column and refers to
standard temperature.

single curve is used to denote both the narrow-band and
broad-band models since there is no distinguishable difference
between them.

Before proceeding it is necessary to elaborate on several
aspects of the narrow-band model. Consider first the present
choice of Aw = 5 cm ™. As pointed out by Kiehl and Ramana-
than [1983] for CO,, significant errors can occur if one em-
ploys overly large spectral intervals. This is due to the statis-
tics of the band structure, as manifested by the averaging
procedure of (3), being variable throughout the band. One way
of minimizing this effect is to choose small intervals with the
hope that this will produce near-uniform statistics within each
interval. But if the intervals are too small there will not be a
sufficient number of lines within the intervals to yield mean-
ingful statistics.

Ideally, one would anticipate that there should be an inter-
val range over which the computed band absorptance is
nearly invariant to the choice of interval size, with the inter-
vals being sufficiently large to contain a statistically meaning-
ful number of lines, but at the same time sufficiently small so
that (3) produces meaningful statistical averages. However, as
illustrated in Figure 2, CH, does not produce such a clearly
defined range of intervals. The small plateau for Aw varying
from roughly 5 to 8 cm™' was the sole motivation for our
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Fig. 3. Band absorptance, evaluated from the narrow-band

model, as a function of the shift in wavenumber interval for Aw = §
c¢m~!. The methane amount is the same as for the atmospheric
column and refers to standard temperature.

TABLE 2. Summary of Experimental Conditions for the
Laboratory Measurements of Gryvnak et al. [1976]

Total Partial Wavenumber
Sample Pressure, Pressure, Interval,
Number atm atm cm™!
4 1.00 0.1000 1188-1400.
5 1.00 0.0500 1210-1400
6 1.00 0.0250 1210-1400
7 0.30 0.0300 1210-1385
8 0.30 0.0150 1210-1385
9 0.30 0.0075 1210-1385
10 0.10 0.0100 1210-1385
11 0.10 0.0050 1260-1370
12 0.10 0.0025 1260-1370
13 0.03 0.0030 1260-1370

In all cases the cell length was 10.2 cm, while gas temperatures
ranged from 302 to 304 K.

choice of Am = 5 em™'. The rapid change in band absorp-
tances for Aw <5 cm~! is a consequence of the multiplet
spacing being roughly 5 cm ™%, such that Aw smaller than this
value produces spectral gaps.

The regression determination of C is somewhat insensitive
to Aw for Aw ranging from 5 cm ™! to 15 em™*! (C = 0.753 for
Ao=35 cm~! and C =0.715 for Aw =15 cm™?'). But for
larger Aw the value of C changes considerably (C = 0.571 for
Aw = 25 cm~ '), and with this is a simultaneous degradation
of the regression fit.

A second issue concerns the location of the wavenumber
intervals. Figure 3 illustrates a band absorptance calculation
in which the locations of the intervals (Aw =5 cm™!) were
progressively shifted. For example, a wavenumber shift of 0
(or 5 cm™1) corresponds to interval locations of 1200-1205
em™ !, etc., while for a wavenumber shift of 1 cm™! these are
1201-1206, etc. In Figure 3 this produces a 5 percent variation
in band absorptance, an effect which is again related to a
variation in band statistics within the S cm ™! intetvals, as the
interval positions are shifted. Comparable variability exists for
Aw =10cm™1,

3. CoOMPARISON WITH LABORATORY DATA

Although it is obviously advisable to compare model calcu-
lated band absorptances with laboratory data, such data
[Burch and Williams, 1962; Edwards and Menard, 1964b; Gryv-
nak et al., 1976] contain inherent inconsistencies in band in-
tensity, with the inferred 296 K intensities being 171 cm™?2

TABLE 3. Comparison of Measured and Calculated Band
Absorptances (cm ')

Sample Gryvnak et al. Line-by-Line
Number [1976] Model
4 50.06 49.65 (—0.8)
5 3399 3397 (-0.1)
6 22.77 22.18 (—2.6)
7 18.56 18.89 (+1.8)
8 12.33 1246 (+1.1)
9 7.20 7.68 (+6.6)
10 741 7.02 (—5.3)
11 3.60 3.80 (+5.6)
12 252 2,31 (—8.3)
13 226

191 (—15.5)

The band intensity employed within the line-by-line model is 144
cm~? atm ™! at 296 K, and the wavenumber intervals are those listed
in Table 2. The numbers in parentheses denote the percentage differ-
ences from the Gryvnak et al. values.
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TABLE 4. Comparison of Measured and Calculated Band
Absorptances (cm 1)

Narrow-Band Model

Burch and Williams

[1962] S=171cm 2atm™! S§S=128cm~? atm™!
290 295 (+1.7) 281 (~3.1)
238 231 (=29) 218 (—8.4)
77.3 83.3 (+7.8) 72.6 (—6.1)
45.5 47.9 (+5.1) 417 (—8.4)
202 17.7(—~12.4) 153 (—24.3)
278 246 (- 11.5) 1.86 (=33.1)
2.20 226 (+2.7) 1.74 (—20.9)

The band intensities employed within the narrow-band model refer
to 296 K. The numbers in parentheses denote the percentage differ-
ences from Burch and Williams® values.

atm™' [Burch and Williams, 1962]; 185 cm~2 atm™'[Ed-
wards and Menard, 1964b], and 144 cm ™2 atm ™' [Gryvnak et
al,, 1976], all of which are in excess of the currently accepted
value of 128 cm™2 atm™! [Varanasi et al., 1983; Chedin and
Scott, 1984]. For purposes of a tentative comparison, line-by-
line calculations have been performed for conditions corre-
sponding to the Gryvnak et al. data, but with our line inten-
sities being renormalized to their inferred band intensity of
144 cm™2 atm ™1,

The Gryvnak et al. data comprise 10 measurements of the
band absorptance for the experimental conditions summarized
in Table 2. In contrast to atmospheric applications, self broad-
ening is of some modest importance, and the self-broadened
half-width was taken to be [Varanasi et al., 1973]

y%cm~1 atm~1) = 0.083(296/T)°* M

The line-by-line calculations were performed with both Voigt
and Lorentz line profiles; only for sample 13 was there a
noticeable difference, with the Voigt profile producing a band
absorptance of 1.91, as opposed to 1.79 for the Lorentz profile.
Comparison with the Gryvnak et al. data is shown in Table 3,
and for the most part the agreement is reasonable.

It is worth noting that the Gryvnak et al. data do not
constitute total band absorptance measurements, due to use of
the rather narrow spectral intervals as summarized in Table 2.
Utilizing the narrow-band model of the present study, we esti-
mate that total band absorptances (1100-1700 ¢cm~!) would
be from 3 percent (sample 6) to 21 percent (sample 11) larger
than those summarized within Table 3.

At this juncture it is useful to employ the narrow-band
model to illustrate a curious feature, just alluded to with re-
spect to Table 3, concerning existing band absorptance data.
As previously discussed, Burch and Williams [1962] have per-
formed band absorptance measurements from which they in-
ferred a band intensity of 171 cm™2 atm™! at 296 K. These
measurements refer to the wavenumber interval 1100 to 1535
cm™! which excludes the weak v, fundamental band. To be
consistent with their measurements, we have performed ad-
ditional narrow-band computations for which the wavenum-
ber interval 1535 to 1700 cm™! has been excluded.

Edwards and Menard [1964b] conveniently summarize cer-
tain of the Burch and Williams data, and these are listed in
Table 4 together with the corresponding calculations em-
ploying the narrow-band model in conjunction with both the
currently adopted band intensity and that inferred by Burch
and Williams. A single band absorptance contained within the
Edwards and Menard summary, corresponding to conditions
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for which there is a departure from a Lorentz line shape due
t6'Doppler broadening, has been excluded.

The curious point is that use of the erroneously high band
intensity of Burch and Williams produces much better agree-
ment between the narrow-band model and the laboratory
data. A similar conclusion applies to Table 3, since if we had
there employed S = 128 cm~? atm™! within the line-by-line
model, rather than S = 144 cm ™2 atm™!as inferred by Gryv-
nak et al. [1976], the agreement between the line-by-line cal-
culations and the Gryvnak et al. data would be degraded. This
raises the possibility (P. Varanasi, private communication,
1985) that both sets of band absorptance data contain system-
aticerrors in the determination of the CH, partial pressure.

4. SCALING APPROXIMATIONS

The virtual equivalence of the narrow-band and broad-

band models with the line-by-line calculations (Figure 1) con-
veniently allows an evaluation of nonhomogeneous band-
model scaling approximations. For this purpose total band
absorptances will be compared for the atmospheric column
extending from the surface to 25 km, employing the midlati-
tude summer atmosphere of McClatchey et al. [1971]. Since
we are focusing upon the examination of radiative transfer
approximations, overlap with water vapor and clouds will be
ignored. The CH, volumetric mixing ratio is simplistically
assumed to be invariant with altitude and is taken to be 1.75
x 1078,

Curtis-Godson scaling constitutes the conventional scaling
approximation for use with narrow-band models, and that
described by Rodgers and Walshaw [1966] is adopted here.
Since this scaling is exact in both the weak-line and strong-
line limits, it would not be useful to test Curtis-Godson scaling
by employing an atmospheric gas which is close to either of
these limits. For example, the relevant bands of atmospheric
CO, are primarily in the strong-line limit. Atmospheric CH,,
however, is an excellent choice, since for the present atmo-
spheric abundance it is well removed from either limit, as is
illustrated in Figure 4 for an equivalent homogeneous atmo-
sphere.

An additional procedure for treating nonhomogeneous
paths is also described by Rodgers and Walshaw [1966]. They
employed the line intensity distribution of the Goody random
band model, and they assumed that all lines within each spec-
tral interval could be replaced by a single effective line for

150 T T Y T T
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Fig. 4 Comparison of the narrow-band model with its weak-line
and strong-line limits. The methane amount refers to standard tem-
perature, and the methane amount for the present total atmospheric
column is 1.368 cm atm.
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TABLE 5. Comparisons of Atmospheric (0 to 25 km) CH, Total
Band Absorptance for a CH, Mixing Ratio of 1.75 x 107

Band Absorptance,
-1

cm
Homoge-  Nonhomoge-
Model Scaling neous neous
Line-by-line 48.86 4748
Narrow-band ~ Rodgers-Walshaw 49,20 48.09
Narrow-band  Curtis-Godson 49.20 48.67
Broad-band Chan-Tien 49.25 . 48.50
Broad-band Edwards-Morizumi 49.25 S 49.09
Broad-band Cess-Wang 49.25 50.23

The homogeneous atmosphere (P =0.514 atm and T = 263 K)j

contains the same CH, amount as the nonhomogeneous atmosphere.

which the half-width is 7 as defined by (3). The resulting ex-
pression for the spectral transmittance is

S k
T,» = exp [—Ej-_m 1+rdw] ®
where 7 is defined by the path-length integral
1 St
T_nJ72+w2dm ©)

For homogeneous paths this reduces to the Goody random
band model or, with C = 0.753 within (3), to the narrow-band
model of the prior section.

With respect to broad-band models, there have been three
suggested scaling procedures [Chan and Tien, 1969; Cess and
Wang, 1970; Edwards and Morizumi, 1970], all of which pro-
duce scaled broad-band parameters A, and §. For Chan-Tien
scaling

Ay = 1/m J ATy dm . (10)

/?=1/mjﬁ(T,P)dm o an

This expression for A, is also utilized in Edwards-Morizumi
scaling, but (11) is replaced by

~ 1 :
p= I Jﬂ(T, P)Ay(T) dm 12

For Cess-Wang scaling, f is given by (12), while
Ao = Ao(Trzr) (13)
where T,

" ax denotes the maximum temperature within the
path-length integration. While all three scaling procedures

TABLE 6. Ratio of the Atmospheric CH, Band Absorptance for
the Nonhomogeneous Atmosphere to That for the Homogeneous

Atmosphere
Model Scaling Ratio

Line-by-line 0972

Narrow-band Rodgers-Walshaw 0.977 (0.5)
Narrow-band Curtis-Godson 0.989 (1.7)
Broad-band Chan-Tien 0.985 (1.3)
Broad-band Edwards-Morizumi 0.997 (2.6)
Broad-band Cess-Wang 1.020 (4.9)

See Table 5. The numbers in parentheses denote the percentage
difference from the line-by-line value. ‘

TABLE 7. Comparison of Model Calculations for the Change in
Infrared Flux Due to the Presence of CH, With a Mixing Ratio of
1.75 x 107¢

Flux Reduction, W/m?

Surface

Model Top Tropopause

Line-by-line 4.88 4.68 6.38

Narrow-band 4.89 (0.2) 4.62 (—1.3) 6.37(—02)
(Curtis-Godson)

Broad-band 492(0.8) 4.64(—09) 644 (09)
(Chan-Tien) -

Broad-band 497 (1.8) - 4.66 (—04) 6.46 (1.3)

. (Edwards-Morizumi)

Broad-band 507 (3.9) 4,73 (1.1) 6.54 (2.5)

(Cess-Wang)

The respective scaling approximations are given in parentheses; the
numbers in parentheses denote the percentage differences from the
line-by-line values.

also give a temperature-scaled band intensity, this is not rele-
vant to the present problem, since in mass units the intensity
of a fundamental band is independent of temperature.

Total band absorptances for the atmospheric column (0 to
25 km) are summarized in Table 5, employing all of the above
discussed narrow-band and broad-band scaling procedures,
together with a reference line-by-line calculation which does
not necessitate scaling. These refer to the column labeled
“nonhomogeneous.” The differences between the tabulated
values contain not only differences due to the scaling approxi-
mations, but also small differences which exist between the
line-by-line, narrow-band and broad-band models. These dif-
ferences are illustrated by the tabulated band absorptance
values for the equivalent homogeneous atmeosphere, and to
remove this small effect the nonhomogeneous band absorp-
tances have been ratioed to those for the equivalent homoge-
neous atmosphere. These results are summarized in Table 6.
With the possible exception of Cess-Wang scaling, the various
scaling procedures are in excellent agreement with the line-by-
line result.

5. ATMOSPHERIC FLUX COMPARISONS

To facilitate a more direct intercomparison of atmospheric
radiation models, we consider the effect of CH, upon the net
infrared flux at the surface, at the tropopause (13 km), and at
the top of the atmosphere (25 km). The model atmosphere of
the previous section is adopted, again ignoring overlap with
water vapor and clouds and utilizing the mid-latitude summer
atmosphere.

Letting AF(z) denote the change in net infrared flux at alti-
tude z (taken as positive for a reduction in net upward flux),
the formulation employed in the present study is

AF(z) = nB(To)Al(zo — 2)/u] — = J; zA[(Z —z)/u] dB,

_n J CAlE — D] 4B, (14)

where A(z) is the atmospheric absorptance, T, and z, refer to
the top of the atmosphere, B,(T) is the black-body intensity,
and p is the cosine of the zenith angle. Hemispherical averag-
ing was performed through use of an 8-point Gaussian quad-
rature. This expression differs from that used by Kiehl and
Ramanathan [1983] solely through an integration by parts.

As written, (14) applies directly to the broad-band model
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TABLE 8. Comparison of Model Calculations for the Change in
Infrared Flux Due to an Increase in CH, Mixing Ratio From
175 x 107510 3.5 x 107¢

TABLE 10. Comparisons of Model Calculations for the Change in
Infrared Flux Due to the Presence of CH, With a Mixing Ratio of
1.75 x 107¢

Flux Reduction, W/m?

Flux Reduction, W/m?

Model Top Tropopause Surface Model Top Tropopause Surface
Line-by-line 1.78 1.78 240 Line-by-line 4.88 4.68 6.38
Natrow-band 1.80(1.1) 1.79-(0.6) 242 (0.8)  Malkmus 5.28 (8.2) 491 (49) 6.67 (4.5)

(Curtis-Godson) Goody 5.73 (174) 5.37 (14.7) 7.26 (13.8)
Broad-band 1.85(3.9) 1.85 (3.9) 2.56 (6.7) . Elsasser 6.60 (35.2) 6.16 (31.6) 8.42 (32.0)

{Chan-Tien) Donner-Ramanathan  4.89 (0.2) 476 (1.7) 6.73 (5.5)
Broad-band 1.86 (4.5) 1.86 (4.5) 2.57(1.1) Brosmer-Tien 422 (-13.5 4.03(=139) 593(-171)

{Edwards-Morizumi) Cess-Chen 226 (—53.6) 221(—528) 421(-340
Broad-band 1.94 9.0) 1.91 (7.3) 2.62 (9.0)

(Cess-Wang)

The respective scaling approximations are given in parentheses; the
numbers in parentheses denote the percentage differences from the

line-by-line values.

with B,(T) evaluated at the band center (1306 cm ™). For the
narrow-band model it applies to the individual Aw intervals,
and for the line-by-line calculations it is- a monochromatic
expression. Flux reductions due to present methane (1.75

x 107¢ ppv), and for a doubling of this value, are given in
Tables 7 and 8 respectively, for the present narrow-band and
broad-band models together with reference line-by-line calcu-
lations. As in the previous section, Voigt and Lorentz line
. shapes produce identical line-by-line results.

Differences between the band models and the line-by-line
calculations tend to be consistent with the prior section, and it
would appear that Chan-Tien scaling is, for present purposes,
the most accurate of the three broad-band scaling approxi-
mations. But in. contrast to the prior band absorptance com-
parisons, the present broad-band flux computations addition-
ally require the assumption that the black-body intensity,
B,(T), is evaluated at a single wavenumber. The consequences
of this assumption have been appraised by employing the
narrow-band model, and the comparisons shown in Table 9
illustrate that the differences between the broad-band model
(with Chan-Tien scaling) and the line-by-line calculations,
which appear within Table 8, are largely a consequence of the
wavenumber invariarice of B, (T) within the broad-band
model. ' ;

Comparisons with the line-by-line flux calculations are
given in Tables 10 and 11 for several existing band models.
These comprise three narrow-band models; the Goody model
as given by (2) and (3) with C = 4/r, the Malkmus [1967]

TABLE 9. Comparisons of Narrow-Band Model Calculations for

the Change in Infrared Flux in Which B, (T) is Evaluated at the

Center of the Individual 5 cm™* Intervals (as in Tables 6 and 7), and
Alternatively at the Band Center (1306 cm ™)

Flux Reduction, W/m?

B_(T) Evaluation Top Tropopause Surface
1.75 x 1078 ppv
5 cm ™1 intervals 4.89 4.62 6.37
1306 cm ! 499 (2.0) 4,70 (1.7) 6.48 (1.7)
1.75 x 1075 t0 3.5 x 107° ppv
5 cm™! intervals 1.80 1.79 242
1306 cm ! 1.89 (5.0) 1.86 (3.9) 2.52 (4.1)

The numbers in parentheses denote the percentage error in utilizing
the 1306 cm~* evaluation.

Curtis-Godson scaling is used for the Malkmus, Goody and Elsas-
ser models, while Chan-Tien scaling is employed for the Donner-
Ramanathan, Brosmer-Tien and Cess-Chen models. The numbers in
parentheses denote the percentage differences from the line-by-line
values.

model, and a version of the Elsasser model which, as em-
ployed by Brosmer and Tien [1985], is of the form

_ ﬁ Sach 1/2
T\, = erfc I: T Am (1 +S,,m/np) (15)

where erfc (x) denotes the complementary error function, and
7 is again given by (3) with C = 4/n. With respect to broad-
band CH, models, there are several [Edwards and Menard,
1964a; Edwards and Balikrishnan, 1973; Cess and Chen, 1975,
Donner and Ramanathan, 1979; Brosmer and Tien, 1985], and
the most recent of these are incorporated within the Table 10
and 11 comparisons. |

Our motivation for including the Elsasser model is -that
Brosmer and Tien [1985] have recently suggested that, for
CH,_, it is superior to the Goody model, a suggestion which is
certainly not consistent with Tables 10 and 11. To arrive at
their conclusion, Brosmer and Tien performed measurements
of the spectral band absorptance (with Aw = 32 cm™?), from
which they evaluated the spectral band parameters S,,/Aw
and j/Aw from the Elsasser and Goody models through appli-
cation of a fitting procedure. Inherent in this was the assump-
tion that §/Aw is constant over the entire band. They then
compared their respective Elsasser and Goody model predic-
tions for 7/Aw with an independent evaluation of this quan-
tity, from which they concluded that the Elsasser model pro-
duced the most realistic 7/Aw result.

TABLE 11. Comparisons of Model Calculations for the Change in
Infrared Flux Due to an Increase in CH, Mixing Ratio from
1.75x 1071035 x 107% -

Flux Reduction, W/m?

Model Top Tropopause Surface
Line-by-line .78 1.78 2.40
Malkmus 2.01 (12.9) 1.99 (11.8) 262 9.2)
Goody 207 (16.3) 2.07 (16.3) 2.73 (13.8)
Elsasser 2.48 (39.3) 247 (38.8) 3.28 (36.6)
Donner-Ramanathan = 1.55 (—129) 1.57(—11.8) 217 (—9.6)
Brosmer-Tien 1.72 (-34) 1.69 (—=5.1) 244 (-17)
Cess-Chen 1.00 (—43.8) 1.00(—43.8) 1.44(—400)

Curtis-Godson scaling is used for the Malkmus, Goody and Elsas-
ser models, while Chan-Tien scaling is employed for the Donner-
Ramanathan, Brosmer-Tien and Cess-Chen models. The numbers in
parentheses denote the percentage differences from the line-by-line
values.
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TABLE 12. Comparisons of Model Calculations for the Change in
Infrared Flux Due to the Presence of CH, With a Mixing Ratio of
175 x 1076

Flux Reduction, W/m?

Data

Tape Half-Width Top Tropopause Surface
JPL 0.06(296/T) 4.89 4.62 6.37
AFGL 0.06(296/T) 4.79 4.52 6.26
AFGL 74°(296/T) 4.66 441 6.10
AFGL y.°(296/T)°-* 4.53 438 6.06

These results refer to use of the narrow-band model, and y,° de-
notes the 296 K line half-width from the AFGL data tape.

But their independent evaluation of j/Aw contained two
errors. First, they assumed j to be the actual line half-width,
whereas (3) produces a 7 which is quite different from 7, even
when y, is assumed constant throughout the band. For ex-
ample, employing the JPL data tape in conjunction with (3),
together with C = 4/r, a wavenumber invariant y, and Bros-
mer and Tien’s Aw = 32 cm ™", we find that y/y,¢ is strongly
dependent upon band location, with 7/y;, ~ 30 to 200. Sec-
ondly, Brosmer and Tien interpreted Aw within (22) and (15)
to be the mean line spacing, rather than the interval width
which is Aw = 32 em™! in their experiments, and subsequent-
ly they chose Aw = 5.1 cm™* (which is actually the multiplet
spacing rather than the mean line spacing). It would thus
appear that Brosmer and Tien’s suggestion concerning the
relative merits of the Elsasser and Goody models is actually
an artifact of these misinterpretations.

It may be noted from Table 10 that the Goody model pro-
duces about 10 percent greater flux reductions, for the present
atmospheric CH, abundance, than does the Malkmus model.
Since the two models yield identical weak-line and strong-line
limits {e.g., Rodgers, 19681, whereas as previously pointed out
atmospheric CH, is removed from either of these asymptotic
limits, then the differences shown Table 10 reflect differences
in the models’ transitions from one limit to the other.

Similarities and differences between the Goody and Malk-
mus models raise another interesting point. With reference to
(2) the Goody model may be rephrased as [e.g., Goody, 1964]

Tao =exp (1 = T,) (16)

where T,, represents T, in the limit of nonoverlapping lines.
The Malkmus model also is of the form of (16), with a T},
which produces a different transition from weak-line to
strong-line limits. But the fact that both models yield (16) as a
means of accounting for line overlap does not mean that (16)
constitutes a universal expression, and the Elsasser model, as
given by (15), serves as a convenient case in point. With refer-
ence to (2) and (16), (15) may be written as [see also Goody,
1964]

T,, = erfc [\/T; a- TM,)] an

with T, being the same as for the Goody model, but with a
different line overlap formulation than for the Goody and
Malkmus models. The differences between the Goody and El-
sasser models, as illustrated in Tables 10 and 11, are thus
solely due to the use of (16) versus (17) as a means of account-
ing for line overlap.

The point is that the various narrow-band models utilize

differing idealized line intensity distributions, and thus the dif-
ferences illustrated within Tables 10 and 11 are not surprising.
Our recent experience with other trace gases indicates that
such differences vary from gas to gas, and in fact may vary
from band to band for a given gas. There is no universal
“best” narrow-band model.

The above also emphasizes that no single physical interpre-
tation should be placed upon our evaluation of C = 0.753
within (3). Although as discussed earlier one would anticipate
that C < 4/n due to coincident lines, the value of C obviously
includes other effects. A similar comment applies to the pres-
ent choice of D = 1.06 for the broad-band model given by (4).

With reference to the broad-band models, the version of the
Cess and Chen [1975] model, which was developed for Jovian
conditions, is that employed for terrestrial applications by
Hameed et al. [1980]. The sole difference between this model
and that of Donner and Ramanathan [1979] is in the line
structure parameter 8. Both models employ the old band in-
tensity of Burch and Williams [1962], which is 171 cm™?2
atm~* at 296 K. To evaluate §, Cess and Chen erroneously
assumed that the mean line spacing could be replaced by the
multiplet spacing, contrary to the conclusions of section 2.
Donner and Ramanathan, on the other hand, determined g by
comparing their band model with the laboratory data of Gryv-
nak et al. {1976].

For the Brosmer and Tien [1985] model, the band absorp-
tance formulation of Edwards and Menard [19644] was uti-
lized, and the broad-band parameters were evaluated through
a fit to the laboratory data of Burch and Williams [1962], and
of Edwards and Menard [1964b]. In contrast to a similar ap-
proach by Edwards and Menard [1964b], who utilized the
same data sets and inferred a band intensity of 185 cm™?
atm~! from their fitting procedure, Brosmer and Tien speci-
fied a value of 134 cm ™2 atm ™1

As a final point, we have used the narrow-band model as a
vehicle to illustrate sensitivity to the choice of spectroscopic
input data, alternatively employing the 1982 version of the
AFGL data tape [Rothman, 1981], and renormalizing the line
intensities to the same v, band intensity as we employed for
the JPL data tape. Table 12 illustrates that for the same half-
width the choice of data tape results in only a 2 percent
change in the computed fluxes, despite the fact that the AFGL
tape includes only 20 percent of the lines contained on the
JPL tape. Also shown are flux calculations for which (1) has
been replaced by half-widths from the AFGL tape, employing
the correct temperature scaling. Again the effect is small.
Lastly, a common practice is to employ kinetic-theory temper-
ature scaling (y® ~ 1/T2) when using a data tape, and as seen
from Table 12 this produces very small errors.

6. CONCLUDING REMARKS

The primary point of this paper is that, employing methane
as an illustrative gas, a hierarchy of mutually consistent infra-
red band models can be constructed, comprising line-by-line,
narrow-band and broad-band models. In that atmospheric
line-by-line computations do not necessitate scaling approxi-
mations, this hierarchy of band models can in turn be em-
ployed to test scaling procedures, and it has been shown that
Curtis-Godson narrow-band and Chan-Tien broad-band scal-
ing provide accurate means of accounting for atmospheric
temperature and pressure variations. The general validity of
this conclusion, however, might be restricted to the present use
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of an altitude-invariant mixing ratio, and it should not be
extrapolated to atmospheric trace gases such as ozone.

Several peculiarities were noted with respect to the appli-
cation of narrow-band models (e.g., Figures 2 and 3), andit is
emphasized that methane might comprise an extreme case in
this regard, due both to line splitting and the presence of a 0
branch.

Comparisons of the band models with laboratory data pro-
duced the best agreement when, within the band models, spu-
rious band intensities were used which are consistent with the
respective laboratory data sets, but which are not consistent
with our current knowledge of the intensity of the v, methane
band. This emphasizes the need for improved laboratory band
absorptance measurements. In particular, issues such-as possi-
ble departures from a Lorentzian line shape cannot be ad-
dressed without the availability of accurate laboratory
measurements.
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